INTRODUCTION
Biopolyesters are widely recommended in biomedical applications [1] as drug carriers [2] such as poly(L-lactic acid) (PLA), poly(glycolic acid) (PGA), poly(ε--caprolactone) (PCL) [3] , and poly(malic acid) (PMLA) [4] [5] [6] [7] [8] . These biodegradable polyesters were used either alone or as copolymers side chains to improve their mechanical properties, hydrolysis, long-term biodegradation, or biocompatibility behavior for the desired therapeutic applications (PLGA [9, 10] , PLMA [11] [12] [13] [14] [15] , etc.). Among this class of polymers, the PMLA is known to present good biocompatibility, non-toxicity in vitro and in vivo, non--immunogenic properties, and stability in the bloodstream [5, [16] [17] [18] [19] . The particularity of this family of polyesters is the presence of functionalized groups in their side chain which, furthermore, allow chemical modification for grafting, thus delivering drugs [20] .
These biopolyesters are widely studied for anchoring soft tissue to bone, in tissue regeneration and in the cardiovascular field as implants, valves, support for cells in tissue regeneration, and passive or active coating for coronary stents. Therefore, certain active stents made of these biomaterials have been commercialized (Supralimus, BioMime, Nobori, etc.) [21] . Indeed, these materials associated with antiproliferative molecules have enabled a significant reduction in restenosis rates. However, these devices do not have a complete satisfaction [22] . In point of fact, the results of clinical studies presented an increased rate of very late stent thrombosis [23, 24] . This is mainly due to two leading pathophysiological mechanisms [25] : the delayed healing of the endothelium [26, 27] and the proinflammatory process of the used polymers [28] [29] [30] . Furthermore, some physicochemical properties of the used polymers coatings (crystallinity, hydrophobicity, high glass temperature (Tg) and too slow degradation rate, etc.) limit their use. In these circumstances, many problems, at the coating adhesion to the metal, can be encountered as well as adhesion of cells on the polymer surface after deployment and placement of the stent at the lesion [31] [32] [33] [34] [35] [36] . Cracks and failures of polymer coating may occur. Consequently, it poses a risk of endothelial damage and corrosion of the surface of the material (release of particles, ions, and oligomers in the biological environment) and induces so late thrombosis.
The development of the appropriate biomaterial which has good mechanical properties and good cells behavior, delivers a drug, and degrades completely is the challenge of scientific and medical research in the last decade.
The surface of the polymer coating is defined by its external part which is in direct contact with blood. The biocompatibility of these polymers is generally modulated by its chemical composition in particular by varying their hydrophilic/hydrophobic ratio. They allow also the chemical modification of polymer. Moreover, the interaction between the biomaterial and the body is located on its surface. To understand the biomaterials interaction with biological environment, the study of their surface properties is paramount. In addition, the biological response is characterized by the nature of the biomaterial/cell interactions. Indeed, the cells adhesion, morphology, and proliferation involved in these interactions depend on several factors. These factors include the chemical composition and the material charge, its roughness and morphology, surface wettability and hydrophilic/hydrophobic behavior, and the surface energy of the material.
With the exception of PMLA, the other mentioned polyesters are uncharged and hydrophobic, giving them a poor wettability. Therefore, the surface of a hydrophobic material is physically or chemically modified to promote cell adhesion and proliferation [37, 38] . PMLA has many interesting properties, in addition to its functionalisable properties, such as non-toxicity in vitro and in vivo, non-immunogenicity, biodegradability, stability in the bloodstream, and cell affinity [39] [40] [41] [42] [43] . However, its application is limited because of the synthesis conditions (time and cost) and transfer reactions during its chemical synthesis and/or modification [18, [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] .
For this reason, poly((R,S)-3,3-dimethylmalic acid) (PDMMLA) derivatives which are part of the PMLA family are new biodegradable and biocompatible polyesters prepared for an eventual use for cardiovascular applications to cover a coronary stent, thus delivering drugs. They can be custom-synthesized to meet adequate physicochemical and biological properties. In addition, its structural design was chosen to give natural and non-toxic primary products after a complete degradation. Therefore, the functional groups in their side chain which incorporated during the polymer synthesis are the carboxylic acid group (−COOH) and the alcohol group (−OH) which allow the chemical modification of polymer and bring acidic and neutral hydrophilic characters, respectively, and the hexylic group which provides hydrophobic character for PDMMLA polymers. Moreover, −OH functions were known for their opsonization phenomenon and their excellent blood compatibility and resistance to thrombus formation and carboxylic groups for their favorite cell attachment and proliferation [54] .
This chapter introduces, in the first section, the history, interests, and applications in biomedical field of PDMMLAs family. The second section presents the synthesis of a series of isotactic homopolymers and copolymers and the characterization of their chemical and physicochemical properties. A comparative study of physicochemical properties of amorphous and semicrystalline PDMMLAs is also described. In the last section, the synthesis of amorphous PDMMLAs, the characterization of their surface physicochemical properties (rigidity, roughness, wettability, surface free energy, etc.), and the study of their biodegradation and cytotoxicity are detailed.
HISTORY
Designing tailored macromolecular materials is crucially important to obtain novel specific applications and strictly adapt structures to specific targeted properties. Over the past three decades, the design of new synthetic approaches to the original macromolecular backbones was possible for the development of multimeric functionalized copolyesters. Novel chemical, chemoenzymatic, and biological routes have been established, leading to an extended family of poly(β-hydroxyacids). Thus, in addition to bacterial polyesters, new polymers obtained by copolymerization and chemical modification of poly(β-malic acid) (PMLA) were prepared (Figure 1 ) [55] [56] [57] [58] . The poly(β-malic acid) has been the subject of several research themes for various temporary therapeutic applications thanks to its good properties. This water soluble polyester is biodegradable, bioassimilable, non-toxic, nonimmunogenic, and biocompatible. It has the advantage of being metabolized in malic acid which is found in the Krebs cycle and is completely biodegraded in carbon and water [59] . The PMLA and benzyl derivative (PMLABn) are known since the late 1970s but their synthesis and applications are limited [59] [60] [61] [62] [63] [64] [65] . Since these years, all PMLA derivatives were obtained by ring-opening polymerization of various β-substituted β-lactones themselves synthesized from either malic acid or aspartic acid in several stages [60, [66] [67] [68] . This synthesis has facilitated preparing a wide variety of monomers. It was a clear advantage compared to biodegradable polyesters such as PLA, PGA, and PCL, because it would allow researchers to synthesize a variety of polyesters derived from malic acid. Indeed, the possibility of having different pendant groups in the polyester structure (neutral, hydrophilic, reactive, etc.) and randomly distributed on the backbone allowed modulating solubility and degradation rate [69] [70] [71] . So, associating polymers, hydrogels, degradation micelles, macromolecular prodrugs, graft polyesters, and bioactive compounds has been synthesized and characterized [72] [73] [74] [75] . Only during the synthesis of the various homopolymers and copolymers, it was difficult to obtain controlled high molecular weights. Moreover, it was impossible to synthesize block copolymers because the anionic ring-opening polymerization did not correspond to a living polymerization process. Under 1H nuclear magnetic resonance (NMR) spectroscopic analysis of the polymers, the presence on the spectrum of a small doublet systematically appeared and corresponded to the formation of a C=C double bond [76] . It has been shown that during the anionic polymerization initiated by weak bases such as tetraalkylammonium benzoates, transfer reactions due to the presence of a proton in β-position of the carbonyl of the lactone were observed [77] . Therefore, we could predicate two synthetic routes, which limited the expected molecular masses of polymers (Scheme 1). Discrepancies between measured and theoretical molecular weights have been observed and the molecular weight distribution was larger than expected.
Scheme 1. Mechanism of transfer reaction
Following this finding at the beginning of the 2000s, a study was directed towards the modification of the structure of malolactonic acid esters considering replacing the two protons in α-position of the carbonyl of the lactone with different alkyls (methyl, allyl, etc.). To find the ideal structure of the monomer, a thorough research on the various known metabolisms resulted in the existence of the biosynthesis of pantothenate and Coenzyme A from (R)--3,3-dimethylmalic acid [78] [79] [80] . As this (R)-3,3-dimethylmalic acid is a natural and non-toxic compound, a new study was directed towards the synthesis of α,α',β-trisubstituted β-lactones completely unreported. These new lactones could then be polymerized without observing transfer reactions in the aim to obtain this new family of polyester named poly((R,S)-3,3-dimethylmalic acid) (PDMMLA) (Figure 2 ) [81, 82] . Initially, the total synthesis of these α,α',β-trisubstituted β-lactones has been developed. Firstly, racemic monomers have been prepared in five steps from the commercial racemic diethyl oxalpropionate [81, 83, 84] . The first step is alkylation. It is followed by reduction of the ketone function to the alcohol and a basic hydrolysis to provide intermediate diacid which is then monoesterified with various alcohols according to the desired therapeutic application of the final polyester [85, 86] . The various monoesters are then lactonized according to Mitsunobu reaction to obtain the corresponding racemic α,α',β--trisubstituted β-lactones (Scheme 2) which were polymerized to obtain amorphous and atactic polyesters [87, 88] .
Scheme 2. Synthesis of racemic lactones
Secondly, the synthesis of chiral α,α',β-trisubstituted β-lactones has been studied. This new synthesis is realized from commercial L-(S)-malic acid which was then esterified. The resulting diester is alkylated twice and then hydrolyzed under alkaline conditions to provide the chiral acid [89] . The synthesis of various chiral lactones was prepared with the same protocols used in the synthesis of the racemic lactones. These new chiral monomers helped prepare isotactic polyester (Scheme 3) [90] .
Scheme 3. Synthesis of chiral lactones
Then, a study has focused on the homopolymerization of two racemic lactones: the benzylic and hexylic lactones. 1 H NMR spectroscopic analysis has shown the absence of doublet corresponding to a double bond. In addition, the size exclusion chromatography (SEC) analysis gave a molecular weight value close to the theoretical value and the molecular weight distribution was close to unity. With all of these positive results, it is now possible to conclude that the anionic polymerization allows an excellent control of the molecular weight of polymers [81] . Thirdly, further study was carried out on the block copolymer. In the aim to obtain desired diblock copolymers, a first lactone reacted with the initiator until the band at 1850 cm −1 had disappeared. After complete conversion, a second lactone was added to the solution of polymerization to give the final block copolymer. 1 H NMR analysis allowed observing the presence of two blocks with peaks corresponding to two lactones and to calculate the ratio between the two blocs. Differential scanning calorimetry (DSC) gave two distinct Tg values associated with the two blocks, respectively. The SEC measurements showed experimental molecular weights corresponding to the expected ones and narrow molar mass distribution. SEC results had shown an increase of molecular weight between the intermediate block and the final diblock polymer. Several copolymerizations were performed to confirm that the anionic polymerization of these new lactones had a living character [81] . From these very satisfactory results, all searches are now made with polyesters derived PDMMLA. Currently, derivatives PDMMLA are widely studied for different biomedical applications.
INTERESTS AND APPLICATION OF PDMMLAs
The PDMMLA is new and original biodegradable and biocompatible polyester. It has many interests related to its hydrosoluble and bioassimilable characters. It can be custom-synthesized to meet an adequate degradation time. In addition, its structural design was selected to give natural and non-toxic primary products after a complete degradation. Indeed, (R)-3,3-dimethylmalic acid which is the final product of hydrolytic degradation of chiral PDMMLA is a natural and non-toxic product involved in the biosynthetic pathway of pantothenate. This metabolite is present in the synthesis of Coenzyme A and gives ketovaline by enzymatic oxidative reaction catalyzed by β,β--dimethyldehydrogenase (EC.1.1.1.84) [78, 80, 81, 91, 92] (Figure 3 ). [93] .
The presence of a chiral center in the repeating unit of PDMMLA provides access to a range of stereocopolymers. This permits the variation of the configurational nature of the polymer and the adjustment of the physicochemical properties of material (crystallinity, solubility, degradability, etc.) depending on the tacticity of the chain.
The PDMMLA has two methyl groups in the α-position of the ester function, which increases its hydrophobicity and allows control of molecular weight without transfer reactions relative to PMLA. Moreover, PDMMLA has a side group R incorporated during the polymer synthesis which may be benzylic (Bn), benzyloxypropylic (Bp), or hexylic (He) group. These groups have been selected for two objectives: chemical modifications and adjustment of the hydrophilic/hydrophobic balance and the physicochemical properties of polyesters. Indeed, benzylic and benzyloxypropylic groups are used for their protective role. After a catalytic hydrogenolysis in presence of palladium on charcoal on the polyester, it is possible to obtain, respectively, carboxylic acid and alcohol functions.
However, these ionic and non-charged polyesters will be used on one hand for their hydrophilic properties and on the other hand for allowing chemical modifications and reacting with bioactive or targeting molecules [73, 74, 94] . Moreover, −OH functions were often used for their opsonization phenomenon and their excellent blood compatibility and resistance to thrombus formation [54] and carboxylic groups for their favor cell attachment and proliferation. Then, the hexylic group is interesting for its hydrophobic properties which give access to a wide variety of amphiphilic statistical and block copolymers.
These copolyesters may contain a lateral alkyl group or a functional group for coupling and copolymerization of sophisticated groups and bioactive molecules. Therewith, it can be able to adduce to the same chain in the lateral position a drug to release lastly during its degradation; we hypothesize that the grafting of the drug can be done during the synthesis of the monomer; it can be attached to the monomer once synthesized or to the polymer after deprotection [20, 95] .
The PDMMLA and its derivatives may be good candidates for biomedical applications. Different systems can be developed: micelles, nanoparticles, terpolymers, and associative polymers. These new polyesters may be used as macromolecular carriers for gene therapy, for tissue engineering, and for drug delivery. Indeed, PDMMLA derivatives were synthesized and characterized in order to develop a new bioactive coating to cover a coronary stent and deliver a drug to enable the reduction of intrastent restenosis [96] [97] [98] [99] .
Biocompatibility and adsorption of cell adhesion molecules to the polymer surface (organic polymer medium interface) under suitable conditions (quantity, configuration, flexibility, and accessibility for the receptors involved in cell adhesion) are strongly influenced by different properties. These are the physicochemical properties (roughness, topography, geometry, and surface energy), mechanical performance (rigidity or flexibility), and chemical composition (electric charge, solubility, pH, wettability, and functional groups (amines, carbon unsaturated, OH, −SO3H, etc.)) of biomaterial surface [100, 101] .
Similarly, protein adhesion depends on the nature of the surface (hydrophilic and hydrophobic). The cells attach to synthetic surfaces via extracellular matrix adhesive proteins (fibronectin, collagen, vitronectin, laminin, etc.). These proteins which are adsorbed on the surface of biomaterial orient the attachment and the migration of cells on this surface. The control of the chemical composition of the material allows the modulation of its adsorption [102] . The cells have a low affinity for hydrophobic or hydrophilic surfaces. They generally attach to surfaces with a mean value of contact angle (adequate hydrophilic/hydrophobic balance) ( Figure 4 ). According to the literature, the polymers used as synthetic matrices for the coating of stents and the release of drugs (PGA, PLA, PCL, etc.) [21, 103, 104] are not perfect solutions. They have a limited diversity of their structures and adverse reactions can be caused by these polymers [105] . It is necessary that the biomaterial used to cover the stent should have good mechanical properties, appropriate surface properties, excellent hemocompatibility, good biocompatibility, and drug delivery capability. That is why recent studies in the literature relate to the possibility of grafting onto the backbone of these polymers of reaction sites to modify their physicochemical and biological characteristics and their degradation rate.
PDMMLA has considerable attention as potential active coating stents thanks to its distinction of being functionalisable to have adjustable properties (hydrophilic/hydrophobic balance, Tg, topography, degradation, cell behavior, etc.) with the requirements of this application and it is achieved with well controlled molecular weight without transfer reactions that occur during the synthesis of PMLA [93, 106, 107] .
In summary, composition, charge, morphology, wettability, and surface free energy of biomaterials must be studied in order to adjust their biological response and protein and cell adhesion. Thus, the surface properties must be studied before choosing the favorable drug platform as stent coating. This chapter presents, in the second section, the study of the wettability in static and dynamic conditions, roughness and topography, and surface energy and its components and degradation study of amorphous PDMMLAs.
HYDROPHOBIC PDMMLAs

Synthesis of hydrophobic PDMMLAs
PDMMLA can be prepared according to different routes starting from racemic or optically active malic acid [108] or aspartic acid [109] by chemical or biological synthesis routes. Optically active stereocopolymers of malic acid are accessible starting from L-or D-aspartic acid enantiomers [110] or L-or D-malic acid enantiomers [109] as chiral precursors. As mentioned above, a new family of synthetic and isotactic poly((S)-3,3-dimethylmalic acid) (chiral PDMMLA) is chemically prepared starting from L-(S)-malic acid.
Chiral PDMMLAs (P1 (benzylic homopolymer), P2 (hexylic homopolymer), P3 (benzyloxypropylic homopolymer), P4 (statistical copolymer 50:50), and P5 (block copolymer 50 : 50)) were prepared from corresponding chiral α,α,β-trisubstituted-β-lactones [90] . To highlight the formation of the various chiral monomers α,α,β-trisubstituted, a very convenient route in six steps has been realized (Scheme 3) [89] . Indeed, three chiral β-lactones were prepared for this aim: (4R)-benzyloxycarbonyl-3,3-dimethyl-2-oxetanone (chiral benzylic lactone "R = benzyl"), (4R)-hexyloxycarbonyl-3,3-dimethyl-2-oxetanone (chiral hexylic lactone "R = hexyl"), and (4R)-(3'-benzyloxypropyl)carbonyl-3,3--dimethyl-2-oxetanone (chiral benzyloxypropylic lactone "R = benzyloxypropyl"). These chiral lactones contain one stereogenic center with only R stereochemical configuration. The chiral center of the main chain of homopolymers and copolymers preparing with these lactones has only S stereochemical configuration. With these new chiral β-lactones in hand, the polymerization of these stereoregular homopolyesters and copolyesters was carried out by living anionic ring-opening polymerization of corresponding monomers using tetraethylammonium benzoate (10 −2 equivalent per mol monomer) as initiator (Scheme 4) [90] . For all polymers, the conversion is complete after approximately 24 h confirmed with the disappearance of the lactone band at 1834 cm −1 in FTIR spectroscopy analysis ( Figure 5 ). After dissolution in acetone and precipitation in ethanol, high molecular weights with a very good molar mass distribution value (D) close to unity were observed (Table 1) [90] . The chemical structure of different polymers was characterized by 1 H and 13 Moreover, the presence of the lateral chain of benzylic and hexylic ester groups in the ratio 50 : 50 for statistical and block copolymers (P4 and P5) was confirmed by 1 H NMR comparing the peak integrals assigned to the different co-monomers. Indeed, the integration ratio of peak at 4.10 ppm corresponding to -CH 2 -O-hexyl is equivalent to that of -CH 2 
Physicochemical characterization of hydrophobic PDMMLAs
Chiral PDMMLAs are characterized by 1 H and 13 C NMR, SEC, and DSC. All chiral PDMMLAs were compared with the corresponding racemic ones (racemic PDMMLAs (P1' (benzylic homopolymer), P2' (hexylic homopolymer), P3' (benzyloxypropylic homopolymer), P4' (statistical copolymer 50 : 50), and P5' (block copolymer 50 : 50)). Table 1 summarizes the obtained results [90] . 
Stereoregularity
13 C NMR spectroscopy was used in the literature to identify the stereoregularity of the polyester [111] [112] [113] [114] . The carbonyl peak around 167 ppm is a particularly sensitive and effective signal which provides the [115] [116] [117] . In case of observation of three peaks, the racemic polymer is present, indicating atactic fragments in the polymer chain corresponding to isotactic, syndiotactic, and atactic triads. The ratio of the signals indicates the ratio of atactic and isotactic or syndiotactic fragments in the polymer chain. If only a single peak is visible, it can be identified as chiral polymer, representing syndiotactic or isotactic polymer [118] . The isotacticity of stereoregular PDMMLAs was confirmed by comparison with racemic PDMMLAs. Indeed, the carbonyl peak around 167 ppm corresponding to stereopolymers is compared with data obtained from racemic triads [90] .
However, for racemic PDMMLA polymers, the carbonyl peak around 167 ppm showed one triplet corresponding to isotactic (i), syndiotactic (s), and atactic triads (a) in the case of racemic homopolymers. In the case of copolymer, only one triplet corresponding to the two units which are undifferentiated (statistical copolymer) and two well-defined triplets corresponding to the two units that presented exactly the same chemical shifts of the two homopolymers (block copolymer) (Figure 7a ) [95] . As mentioned in Figure 7b , all stereoregular PDMMLAs showed only one fine peak due to the exclusive iso--sequence [71] corresponding to isotactic triad (i) which has been assigned by comparison with corresponding atactic PDMMLAs presented in Figure 7c [90]. (Figure 7) . Furthermore, for statistical chiral copolymer P4, we observe the presence of two peaks which were not really distinct (167.49 and 167.63 ppm) because of their distribution in the polymer structure in a random manner. However, chiral block copolyester P5 presents two well-defined peaks (167.47 and 167.70 ppm) having the same chemical shifts of isotactic homopolymers triads P1 and P2. There are also the same results observed with the corresponding racemic copolymers P4' and P5' (Figure 7 ) [90] . Table 2 showed different triad percentages of all racemic and chiral PDMMLAs homopolymers. It showed that all chiral homopolymers are 100 % isotactic and that atactic triad of all atactic PDMMLAs homopolymers is mainly formed [90] . This relative narrowness of the resonance peaks of chiral PDMMLAs is in favor of the presence of only one stereo-sequence of monomer units. This result confirms also the formation of optically active β-lactones with 100 % enantiomeric excess. It is already known from the literature that "ring-opening polymerization of poly[(R) or (S)-benzyl β-malate] with configuration inversion of the asymmetric carbon C-CO 2 R of the β-lactone without any racemization of this carbon and with the formation of a carboxylate growing chain end" [68] proves the absolute configuration (S) of asymmetric carbon of isotactic polyesters.
Molecular weights
Chiral macromolecules organize themselves in crystalline zones and are not isolated, which explains the high molecular weight values obtained in the case of stereoregular PDMMLAs. At the same time, the amorphous and non--stereoregular corresponding PDMMLAs provided a molecular weight that was well correlated with theoretical values indicating the control of the polymerization (Table 1, Figure 8 ). This observation is consistent with the less solubility of polymer in acetone over time in contrary to amorphous PDMMLAs [90] . 
Thermal properties: semi-crystallinity (T m ), crystallization temperature (T c ), glass-transition temperature (T g ), and decomposition temperature (T d )
The semi-crystalline PDMMLA homopolymers and copolymers structures were confirmed by DSC which shows a melting temperature T m observed on all semi-crystalline polyesters (Table 1 ). The semi-crystalline nature of the networks formed following the copolymerization reaction for P4 and P5 was also supported by X-ray diffraction analysis (XRD). Figure 9 shows the comparison of the DRX obtained profiles of statistical copolymers semicrystalline P4 and amorphous P4' (Figure 9a ) and diblock copolymers semicrystalline P5 and amorphous P5' (Figure 9b ). XRD patterns confirmed the presence of ordered domains in the macromolecular structure of P4 and P5 with several well-defined peaks which is typical of a semi-crystalline polymer ( Figure 9 ). In addition, in the case of chiral homopolyesters, the high glass-transition temperature (T g ) value for chiral P1 [119] explains the rigidity of aromatic group in the lateral chain of benzylic homopolymer, which causes overrestriction for rotating the substituent along the polymer backbone. On the other hand, owing to flexibility, P2 shows the lower T g value consequent to a very decrease in rigidity of polymer sourced from hexylic ester group. Furthermore, diblock copolymer P5 exhibits two T g values corresponding to hexylic and benzylic units, respectively. However, statistical copolymer P4 (50 : 50) presents only one logical T g value distributed between the two T g values of P1 and P2 for a mixture with 50 : 50 molar ratio of homopolymers. Besides the effect of structure and rigidity of the polymers chains, T g is affected by their stereochemistry. Indeed, it was observed that all T g values of amorphous PDMMLAs were lower than corresponding semi-crystalline PDMMLAs and T g increases with higher stereochemistry (Table 1, Figure 10 ) [90] .
Figure 10. Comparison of T g values for all chiral PDMMLAs and corresponding racemic PDMMLAs [90]
To further study the thermal stability of these polymers and ensure their use at a temperature range without any degradation, the thermogravimetric analysis (TGA) was carried out to determine the weight loss of different PDMMLAs. TGA was performed under N 2 atmosphere at a heating rate of 10 °C min −1 from room temperature to 700 °C. The weight loss temperatures of 5, 50, 95, and 100 % for different PDMMLA were showed in Table 3 [90]. All studied polymers had homogenous degradation curve. The aromatic group in the lateral chain of homopolymers P1 and P3 leads to degradation in high temperature and especially in the case of benzylic homopolymer P1 which is more rigid and less hydrophobic. It contains less carbon number in its side chain in comparison with P3. Therefore, decomposition temperature (T d ) decreased with increasing of carbon number. Indeed, hexylic homopolymer P2 which contains in its lateral chain a group of a linear chain of six carbons had the very low T d values over the degradation. This phenomenon can be attributed to the flexibility of this hexylic group. However, T d was sharply increased above 300 °C for all of these polymers indicating the beginning of their decomposition. P1 presented the highest value of T d and a very slight weight loss. Indeed, it decomposed completely at T d above to 700 °C whereas P2 had the lowest value and lost total weight at 379 °C. T d of P3 was between those of P1 and P2 and lost almost total weight at 700 °C (Table 3 ) [90] .
In addition, the TGA curve of statistical PDMMLA P4 (50 : 50) and block copolymer PDMMLA P5 (50 : 50) was studied. Their thermal stability was found between those of the corresponding homopolymers P1 and P2 apart at initial T d which was slightly higher. Thus, at a weight loss of 100 %, T d value of P4 and P5 was an almost average between the two corresponding homopolymers values (calculated: 536 °C). This indicated also that the two components were ideally mixed in these copolymer systems. Finally, these results show that T m , T g , and T d values (at weight loss of 50 %) of P1 and P2 and their copolymers P4 and P5 presented linearity as a function on their compositions (R 2 = 0.906, 0.991, and 0.999, resp.) which confirmed the ideal mixing of the copolymer system ( Figure 11 ) [90] . These polymers present a high thermal stability. Therefore, the present study showed that thermo-mechanical properties such as crystallinity, melting point, or stereo-polymers rigidity/flexibility of these materials depend on their structure design and stereochemistry. These properties can be easily adjusted by varying the ratio of monomers also that choose the statistical or block copolymerization [120] [121] [122] [123] , underlining the above results.
HYDROPHILIC/HYDROPHOBIC PDMMLAs
Synthesis and chemical characterization of hydrophilic/hydrophobic PDMMLAs
Synthetic amorphous PDMMLAs homopolymers P1', P2', and P3' were prepared by a living anionic ring-opening polymerization of corresponding racemic β-lactones as monomers: benzylic lactone (4-benzyloxycarbonyl-3,3--dimethyl-2-oxetanone) "R = −CH 2 Ph" (Bn), hexylic lactone (4--hexyloxycarbonyl-3,3-dimethyl-2-oxetanone) "R = −(CH 2 ) 5 −CH 3 " (He), and benzyloxypropylic lactone (4-(3-benzyloxypropyl)carbonyl-3,3-dimethyl-2--oxetanone) "R = −(CH 2 ) 3 −O−CH 2 Ph," respectively, in anhydrous THF solution using tetraethylammonium benzoate as initiator (Scheme 5) [95] . These racemic β-lactones monomers were synthesized according to the literature procedure as well [81] . P1' and P3' were used for the synthesis of corresponding homopolymers, PDMMLA-COOH, and PDMMLA-OH, respectively. Then, three statistical copolymers with different hydrophobic/hydrophilic balance in the side chain of copolymers were also prepared from two different racemic β-lactones (benzylic and hexylic lactones): PDMMLA-COOH 10 -co-He 90 
Scheme 5. Synthetic route of amorphous PDMMLA derivatives
The polymerization was followed by FTIR spectroscopy analysis which showed the ester characteristic band at 1751 cm −1 and the disappearance of the lactone band at 1838 cm −1 for all polymers. The chemical structure of different polymers was characterized by 1 H and 13 C NMR. Therefore, signals around 5.20 and 7.38 ppm on 1 H NMR spectrum confirmed the presence of benzylic group and those around 0.89, 1.26, and 4.10 ppm characterized the hexylic group. In addition, signals assigned to benzyloxypropylic group appeared at 1.93, 3.54, 4.27, and 4.49 ppm [106] .
The co-monomers relative contents (10, 20 , and 30 %) were obtained by 1 H NMR using the integration ratio of peak at 4.15 ppm corresponding to -CH 2 -O-hexyl and that at 5.20 ppm corresponding to -CH 2 -O-benzyl (Figure 12) . After a catalytic hydrogenolysis in presence of 10 % of palladium on charcoal on the polyester, it is possible to obtain carboxylic acid group (when R = −CH 2 Ph) and alcohol group (when R = −(CH 2 ) 3 -O-CH 2 Ph) (Scheme 5). As mentioned above, these ionic and non-charged groups (carboxylic acid and alcohol, resp.) are used on one hand for their hydrophilic properties and on the other hand for the possibility to react with bioactive or targeting molecules [73, 74, 94] . The hexylic group is used for its hydrophobic properties, which gives access to a wide variety of amphiphilic copolymers. Polymers catalytic hydrogenolysis was confirmed by the disappearance of benzylic peaks at 5.2 and 7.4 ppm on 1 H NMR spectrum for PDMMLA-COOH, PDMMLA-OH, and copolymers ( Figure 12 ) [106] . 
Physicochemical properties and surface characterization of PDMMLAs
The ideal biomaterial for vascular applications must provide thermomechanical properties, good biocompatibility, and cell response (adhesion, morphology, attachment, behavior, proliferation, and migration of cells). Indeed, the surface properties of biomaterials (roughness and morphology, chemical composition, charge, wettability, and surface energy) are the main factor that affects the biological response (immediate and longterm response) between the biomaterial and the vascular tissue and blood [100, 101] . According to literature, the surface energy is the most important factor in determining the thrombogenicity in blood. The affinity of the polymer surface with water increases with increasing surface energy and therefore the increase of thrombogenicity in the blood medium [124] .
Another very important factor is the surface roughness. The thrombogenicity increases on rougher surfaces. This is due to the higher blood protein adsorption, activation, and aggregation of platelet [124] . Thus, a stent coating should have good interaction with blood, be incorporated by the vascular tissue, and presents the advantage to minimize the inflammatory response. This is thanks to its good surface properties.
Thermal properties
All PDMMLAs present good thermal and surface properties (low T g and surface energy and functional hydrophilic molecules on its chain which adjusts their properties and interactions with body tissue). This is precisely meeting the requirements of the intended cardiovascular applications. Indeed, the absolute average molecular weights and molecular weight distributions of all studied PDMMLAs are summarized in Table 4 . T g of PDMMLA copolymers do not exceed 20 °C (−15, +8.2, and +20 °C for 10/90, 20/80, and 30/70, resp.) which is lower than the physiological temperature whereas PLA has higher T g (about 63 °C), having thus less ductility and softness. It was found that the rigidity of the polymer chains decreased with the decrease of the carboxylic acidic groups. In summary, as a comparison between the PDMMLAs amorphous copolymers, 10/90 was the most flexible and 30/70 the most rigid. 20/80 had the average value. This means that they have viscoelastic character and flexible chains which can be modulated with varying hydrophilic/hydrophobic balance. These thermal properties of PDMMLA polymers present an encouraging result for applying these biomaterials for cardiovascular applications. ND: not determined.
Surfaces roughness and topography
The roughness and topography of PDMMLA surfaces are determined via atomic force microscope (AFM) ( Figure 13 ). All PDMMLAs presented a smooth and flat surface (root mean squared roughness Ra < 1.2 nm) [106] . The wettability of the surface is affected, on one hand, by the chemical heterogeneity of the material and, on the other hand, by the surface roughness. This result shows that the surface wettability of PDMMLAs is not affected by the surface roughness (Ra < 0.1 µm) [125] . 
Surfaces wettability and water sorption/desorption
The wettability of the different PDMMLA derivatives surfaces was characterized in static and dynamic conditions. Figure 14 shows contact angles for the different surfaces obtained, respectively, by sessile drop method (static angle ( s )) and tensiometry (dynamic contact angles) at cycle 1 ( A 1 ) and cycle 10 ( A 10 ) and average between the 10 cycles ( av ). Angle at cycle 1 is always superior to angle at cycle 10. The difference is increasing with percentage of acidity (% A). This is due to hydratation of surfaces polar groups (hydrogen bonding) during cycling, leading to a decrease of advancing contact angle values. Average angle is close to that of sessile drop angle for the three copolymers [106, 107] . ) and tensiometry (dynamic contact angles) at cycle 1 ( A 1 ) and cycle 10 ( A 10 ) and average between the 10 cycles ( av ) (n = 3, * p < 0.01, ** p < 0.0001) [106, 107] .
For P2' (0/100) homopolymer, average angle is greater than that of sessile drop. This is the reverse for PDMMLA-COOH (100/0). Whatever the method, angles are decreasing with % A. Cycle 1 contact angle is always higher than the other angles in particular sessile drop. Cycle 10 is always the lowest, except for P2' surface. Tensiometry is more sensitive to chemical heterogeneity than sessile drop method because, statistically, some drops can be deposited on homogeneous areas, depending on the scale of the heterogeneity surface distribution. This is due to the fact that tensiometry integrates the overall both sides of surface whereas sessile drop probes only few localized points of the global surface.
Heterogeneous samples in this study are all exhibiting more than 70 % of hydrophobicity and so surface hydrophilicity is represented by less than 30 % in surface distribution. The probability for a drop to probe these hydrophilic areas is less than 30 %. The accuracy of sessile drop method is thus very low compared to that of tensiometry. P2' surface, totally hydrophobic, is the only one with a cycle 10 angle higher than for sessile drop. This is in agreement with the reverse observation for PDMMLA-COOH surface with a cycle 10 angle reduced to zero and lower than sessile drop angle. These results were also confirmed by statistical analysis which revealed sensitivity higher at cycle 10 than cycle 1 for each sample [107] . 
*
In summary, beyond the first cycle, the sample surface has changed, due to interaction with water. A hydrophobic surface has less interaction with water than a hydrophilic surface. This difference is due to the penetration of water to the interior of the polymer chains forming hydrogen interactions with hydrophilic surfaces, partially and irreversibly at the first cycle. Then, the liquid spreads from cycle to another to form a water film distributed now over the entire surface of the polymer. This action causes the polymer chains mobility and the molecular reorientation which reveal all hydrophilic functions on the surface and therefore the hydrophobic functions inside the film ( Figure 15 ) [126] . This phenomenon increases with increasing of % A. It was previously confirmed with the acute increase of the hysteresis value of the most hydrophilic surface PDMMLA-COOH [107] . Figure 15 . Schematic representation of PDMMLA copolymer film deposited on glass slides during the tensiometric immersion in water, the preferential orientation of copolymer side chains, and the molecular reorganization and the homogenization of the copolymer surface after dynamic contact angle (DCA) cycling [107] Additionally, during the immersion/emersion measurement, the polymer film can absorb and desorb water. Therefore, the phenomenon of water sorption/desorption was also studied in this work. For this experiment, only 3 cycles were performed because the evolution of advancing angles during cycling after cycle 2 was found to be not significant [107] . All films had a lower water uptake than 6 % in the studied conditions of measurement ( Figure 16 ). Because all relationships between hydrophilicity and % A exhibited good R2 values in the above data (for advancing angles), one can consider that these low values had a negligible effect on the evolution of hydrophilicity of the film surfaces during cycling [107] . 
Surfaces free energy and its components
Besides, the total surface free energy (γ TOT ) for each surface is presented in Table 5 [106]. Its value clearly increases with % A. It also indicates the values of dispersive (γ LW ) and polar acid-base component (γ AB ) of the surface free energy. Polar interactions are due to Coulomb interactions between permanent dipoles but also to interactions between induced and permanent ones whereas time fluctuations in the molecules charge distribution contribute to dispersive interactions [127] . For all the surfaces γ LW is higher than γ AB due to the major presence of −CH 2 groups inside the polymer chains. However γ AB is not negligible and is increasing regularly with % A which brings polar oxygen atoms in the structure. This correlation includes not only the chemically heterogeneous copolymers (10/90, 20/80, and 30/70) but also the two homogeneous references (0/100 and 100/0) [106] . It is important to quantify polar acid-base and/or apolar surface energy components with accuracy for a better understanding of cell behavior in contact with a biomaterial [128] . Indeed, water contact angle and total surface free energy are generally not sufficient parameters to explain differences in cell response. In contrast, acidic or basic surface energy components can be parameters but enable us to discriminate between biomaterial surfaces [128] .
Moreover, an analysis of protein adsorption onto the surfaces of interest could help to go further in the understanding of the correlations between material surface chemistry and biocompatibility. For example, DCA could detect particular protein adsorption behavior depending on the biomaterial surface chemistry as it has been shown for polysaccharides polyelectrolytes films [129] .
In vitro biodegradation rate and nature of PDMMLAs and the cytotoxicity of degradation products
Drug Eluting Stents (DESs) based on biodegradable polymers should be degraded in a few months preventing the risk of thrombosis. PDMMLA is custom-synthesized to meet an adequate degradation time. The hydrolytic degradation study of PDMMLAs was performed under physiological conditions for a 6-month period. The most important factors that influence the kinetic degradation of polymers (molecular weight, nature and stability of functional groups, charge, natural biological enzymes, pH, and temperature) were studied in order to understand the behavior of PDMMLAs hydrolysis. Three homopolymers and three copolymers were analyzed for this study. The homopolymers have been investigated to understand the PDMMLAs degradation behavior under physiological conditions and the copolymers for their eventual use as a coating cardiovascular stent for the treatment of restenosis [93] .
Degradation of homopolymers: effect of load and nature of functional side chain and biological enzymes
The degradation time of all PDMMLA homopolyesters was affected by the nature of side chain of PDMMLA (−OH, −COOH, or hexyl). It was known that the hydrolysis process begins with the penetration of water into the polymer chains, followed by cleavage of ester functions and dissolution of degradation products. In the case of the hexylic homopolymer (0/100) which is waterinsoluble, the diffusion of water within the polymer structure was hard due to the presence of the hydrophobic hexylic side chain. On the contrary, the carboxylic acidic group of acid hydrophilic homopolymer PDMMLA-COOH (100/0) and the alcohol group of neutral hydrophilic homopolymer PDMMLA-OH facilitated the diffusion of water molecules through their chains with their hydrophilic character and water-solubility of degradation products. Moreover, PDMMLA-COOH has negatively charged groups at pH 7.4 which accelerated the hydrolytic degradation in comparison with PDMMLA-OH. Indeed, they have different degradation rate. Homopolymer P2' (0/100) has a slower degradation rate while PDMMLA-COOH (100/0) has the most rapid rate of degradation. PDMMLA-OH has a slower molecular weight loss rate in comparison to PDMMLA-COOH ( Figure 17 ) [93] . Because of the presence of the functional group in the side chains of PDMMLA polymers comparing with other aliphatic polyesters such as PLA, their degradation behavior may be different. This deference can be observed by the slow degradation of the polymer chains indicated by an increase of the retention time with the presence of a single peak or with the presence of others picks with a smaller molecular weight. It was showed that all PDMMLA homopolymers were hydrolyzed with the formation of a second peak corresponding to small molecular weight and indicating a mixed degradation type in bulk and surface corrosion compared with PLA degradation which was rather in bulk [93] . The ratio of this second peak increased with the decrease of the ratio of the first peak over time. At pH 7.4, PDMMLA-COOH can be in the form of both protonated (−COOH) and deprotonated (-COO − ) groups. In this case, ionic interactions and hydrogen bonds with environment were observed. However, only hydrogen bonds were observed for PDMMLA-OH. Thus, the concentration of absorbed water was higher for PDMMLA-OH than PDMMLA-COOH which explained, respectively, the observed bulk and corrosion degradation profiles.
In addition, in the presence of esterase, PDMMLA homopolymers can be degraded faster than the other conditions (in the presence or absence of α-amylase). Therefore, selected esterase was involved in the ester bond hydrolysis of the studied homopolymers. Figure 18A showed the molecular weight loss of three copolymers having high molecular weights (hM w ) (Table 4 ) as a function of degradation time. In a logical order, the degradation was faster with the material containing the highest ratio of hydrophilic side chain (30/70 hMw ); then a medium degradation rate was observed with the material having the medium ratio of -COOH groups (20/80 hMw ) and with that having the lowest ratio of -COOH (10/90 hMw ), the degradation slowed further [93] . The effect of molecular weight, enzymes, pH, and temperature on the degradation nature and rate of the different copolymers was studied (Figures 18 and 19) . It has been shown that the different PDMMLA copolymers were degraded according to bulk or erosion-surface profiles. Therefore, a hydrophilic loaded side chain, high temperature, high pH, and the presence of specific enzyme accelerated the degradation rate of PDMMLAs with an erosion-surface profile.
Degradation of copolymers: effect of molecular weight, enzymes, pH, and temperature
Effect of molecular weight
The effect of molecular weight is evaluated in PBS at pH 7.4 and 37 °C on a series of three systems having the same ratio of hydrophilic/hydrophobic groups with two different initial molecular weights (M th ~ 23 000 g mol −1 and 230 000 g mol −1 ).
It is important to compare the rate of degradation of the material having (hM w ) and that having the lowest ones (lM w ). Indeed, it was found that the polymer having hMw and only 10 % of -COOH (10/90 hMw ) had similar degradation profile as compared to 10/90 with lM w . It was slightly faster degraded by a linear greater molecular weight loss than 10/90 over time (~ 3.5 %) ( Figure 19 ) [93] . . This can be interesting for the selection of such type of materials having different molecular weight and hydrophilic/hydrophobic balance and thus different hydrolysis profiles [93] .
Effect of enzymes
The effect of enzymes (esterase and α-amylase) on the copolymers was performed on copolymers with low molecular weight (lMw). The α-amylase and esterase activities follow the same format as homopolymers. They were hydrolyzed with the same logic in the absence or presence of both enzymes. In all cases (PBS, esterase, and α-amylase), elution profile indicated two major peaks. This result suggested the fragmentation of the inside and the outside of polymer's structure. With the same logic, the hydrolysis of hM w copolymer 10/90 hMw was performed at pH 7.4 and 37 °C in the absence or presence of esterase and α-amylase ( Figure 18B ) [93] . The same results were obtained.
Effect of pH
The effect of pH on the degradation of film of polymers is evaluated on the 30/70 hMw films with varying pH of hydrolysis medium: 5, 7.4, and 9 ( Figure 18C ). PDMMLA copolymers have carboxylic acid groups in their side chain which are capable of undergoing protonation/deprotonation depending on the environmental pH. At pH 5, copolymer has the slower degradation rate as compared to pH 7.4 in the 6 th month. This effect was explained by the unionization of acidic groups at low pH; they are sufficiently protonated at pH 5, noting "the acid inhibitory effects" [93] . At pH 9, the opposite behavior was observed. Indeed, 100 % of molecular weight loss was observed in the 6 th month. This was explained by the rapid degradation of film surfaces of copolymer which have in this time deprotonated groups (−COO − ). Hydrolytic rate of copolymer increased with the increase of medium pH. Thus the hydrolytic degradation of PDMMLA copolymers was pH-sensitive. This result is according to literature studies on the polyesters degradation such as PLA and PLGA [130, 131] .
Herein, we could conclude that, in low pH, the hydrolysis has a bulk profile (diffusion of water molecules into polymer) in contrast to that in high pH which has an erosion-surface profile (degradation rate of polymer was faster than diffusion of water molecules). Moreover, at pH 7.4, hydrolysis has a mixed profile "bulk and surface erosion" [93] .
Effect of temperature
To evaluate the effect of temperature on the degradation of PDMMLAs copolymers, the hydrolysis of 20/80 hMw copolymer was carried out in PBS at pH 7.4 at 3 different temperatures: 25, 37, and 50 °C. Figure 18D showed the hydrolysis profiles at different temperature. The results showed that the molecular weight loss at 25 °C was very small over hydrolysis time as compared to 37 °C condition. When the temperature was also increased at 50 °C, the copolymer was completely degraded. Thus, PDMMLA copolymers degradation was temperature-dependent. Their degradation time was accelerated with the increase of temperature. These results could be explained by the hydrophilic/hydrophobic balance of copolymer which exhibited 20 % hydrophilic groups in their side chains. This balance arranges in specific interactions between hydrophilic and hydrophobic functions at a critical temperature. With a change of this temperature, the arrangement between these groups changes again which can change the interaction of material with aqueous environment and so accelerate/decrease its degradation [93] .
In conclusion, it has been shown that the different PDMMLA polymers were degraded according to bulk or erosion-surface profiles. Therefore, a hydrophilic loaded side chain, high temperature, high pH, and the presence of specific enzyme accelerated the degradation rate of PDMMLAs with an erosion-surface profile. Otherwise, at low pH and temperature, the degradation speed is slow indicating a bulk degradation type while under physiological conditions PDMMLAs degraded with a mixed profile [93] .
Cytotoxicity of PDMMLAs degradation products
Since these new biomaterials as promising coating stent will be in direct contact with the arterial wall, their biocompatibility was evaluated in this study in human vascular endothelial cells which are essential for the repair of the arterial wall to inhibit multiple processes leading to in-stent restenosis. Indeed, the viability of all synthesized PDMMLAs (PDMMLA-COOH, PDMMLA-OH, and copolymers 10/90, 20/80, and 30/70) and diacid (synthesis precursor and final degradation product of PDMMLA polymers) was conducted using MTT and Live/Dead assays after 24 h, 48 h, and 72 h of human vascular endothelial cells (HUVEC) incubation. For example, Figure 20 shows the obtained results with PDMMLA-COOH 100/0, copolymer 30/70, and diacid. For all samples the proliferation cell was comparable to control which has 100 % viability. Consequently, the cells viability tests, MTT and Live/Dead, revealed that the products of long-term degradation of all PDMMLA polymers were non-cytotoxic [93] . 
CONCLUSION
Since the active Drug Eluting Stents (DESs) that exist today have not been proven to reduce the risk of intrastent restenosis, the search for a new system is the aim of several research studies in recent years. Currently, most of the available DESs use a matrix polymer for both the coating of metal and the release of drugs. Although these polymers have brought benefits, certain adverse reactions occurred. Therefore, a growing number of studies in the field of biomaterials focused on the development of a new biodegradable, biocompatible, and bioassimilable polymer. These are the intrinsic properties of biodegradable aliphatic polyesters which are widely used as controlled release systems of drugs. Moreover, the polyester which has, in addition to these properties, the ability to be chemically modified and functionalisable is a challenge to achieve. PDMMLA is a new biodegradable and biocompatible polyester which can particularly be chemically modified. This chapter presented the history of this polyester as well as its interests in the biomedical field including the cardiovascular field. The surface properties of the PDMMLA derivatives were further discussed in this chapter. This allows choosing the best material for its study of biocompatibility on vascular cells and thus its use as stent coating. In conclusion, the properties of PDMMLAs give them a particular quality compared to other polyesters described in the literature and used as a stent coating such as PLA which is the most used coating material. In addition, the presence of a chiral center in the repeating unit of PDMMLA allowed the obtention of a series of new stereocopolymers. Thereby, it varies the configurational nature of the polymer and modulates and adjusts physicochemical properties of the material (crystallinity, solubility, degradability, etc.) depending on the tacticity of the chain. Based on these properties, PDMMLA is an excellent biodegradable polymer which may prove to be useful and good candidate for various temporary biomedical applications.
